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Abstract: This is a novel investigation on the possibility of detecting barely visible impact damage
(BVID) in composite materials by whisking across the surface via tactile whisker sensors that resemble
rats’ whiskers. A series of drop tower low-velocity impact tests were performed on quasi-isotropic
composite plates. The plates were made from unidirectional T800 carbon/MTM49-3 epoxy prepregs
with the stacking sequence of [45/0/90/−45]4S. Investigating the specimens’ surface by the naked
eye does not reveal any significant damage, rather than a small dent on the surface, with no tangible
difference in the different impact energy levels. Ultrasonic C-scan observations showed the existence
of BVID in all the impact energy levels, with an increasing trend in the damage size by increasing the
impact energy level. The collected data from whisker sensors were analyzed using the support vector
machine classifier, based on their vibrational properties, to identify the impacted region and classify
the impact severity. It was observed that after training for 13 whisker contacts, the BVID severity
can be classified with an accuracy of 100%. This is offering a new BVID detection technique, with
a high potential for automation and high reliability that can be used as an alternative or combined
with available inspection systems.
Keywords: composite materials; damage detection; low velocity impact; whisker; ultrasonic
1. Introduction
The demand for composite laminated materials has increased significantly over the last
decade. In the past, the application of such materials was limited to the aerospace industry.
However, in recent years, composites have been widely used in other sectors amongst
which are sport, rail, automotive, marine, defence, energy, and construction industries. The
key advantage of such materials is their high strength to weight ratio making them ideal
for use as lightweight and high load bearing structural components. However, poor out-of-
plane properties, low damage tolerance and low delamination resistance have limited their
application as primary loading components [1].
Impact damage may take place because of either high velocity or low velocity foreign
objects. Impact damage leads to delamination (separation of plies), matrix cracking and
fibre breakage [2]. This degrades both strength and stiffness reducing load bearing capacity
of the composite laminate structure [3–5]. Therefore, if the introduction of the damage is
undetected, premature and catastrophic structural failures could be expected.
The damage caused by high velocity impact, i.e., ballistic impact, is highly localised at
the point of impact and encompasses all of the previously mentioned failure modes, i.e.,
delamination, matrix cracking and fibre breakage, and is visible to the naked eye. Therefore,
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it can be detected by routine visual inspections. On the other hand, Low Velocity Impact
(LVI) leads to Barely Visible Impact Damage (BVID). The source of impacting foreign
objects depends on where the composite laminate is used. For example, in the case of an
aircraft, such damage is often caused by debris or bird strike during landing or take-off and
hailstorm when in flight. Tools dropped accidentally during assembly or maintenance can
also contribute towards the formation of BVID [6]. BVID is dominated by matrix properties,
where matrix cracking takes place at inter-lamina locations followed by delamination [7],
see Figure 1. Such damage cannot be detected in routine visual inspections and can pose
a challenge to structural integrity. Therefore, Non-destructive Testing and Evaluation
(NDT&E) are needed for damage determination and quantification leading to a proper
repair or ‘use-as-is’ decision.
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inspection techniques require labour intensive and time consuming inspection of parts [10].
This proves even more difficult if inspection of inaccessible or large structures such as wind
turbine blades, aircraft fuselage or wing is intended. Furthermore, ultrasound techniques
have limitations when testing thin layered structures arising from the necessity to use high
frequencies (in the range of tens of MHz), as there is a high attenuation in composite at high
frequencies. A large number of data and noise signals are also considered as big challenges
while using acoustic emission inspection [11].
Optical based techniques such as shearography measure the distance between adja-
cent points in a specimen under loading. The measured displacements decide whether
there are defects in the material. The key advantage of optical methods is that they are
capable of inspecting a large area in a relatively short time. However, the parameters of
multilayer 3D materials cannot be observed by optical systems due to the limitation of
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surface/subsurface inspection. For example, such techniques are not usually suitable for
delamination detection as there is not enough deformation to detect on the surface [12].
Optical thermography techniques work on the basis of heat induction from the surface
through the depth of material. Excitation of material could be as a result of thermal or
optical sources such as lamps or lasers. The presence of a defect on the surface or subsurface
disrupts locally heat induction between the layers which generates a thermal perturbation
at the surface of the composite. This perturbation leads to different amplitudes and phase
shifts of the thermal wave in the defected zone of the specimen with respect to the intact
one. Therefore, the defect can be detected by the temperature difference contrast or the
phase contrast [13–15].
Since Carbon Fibre Reinforced Polymers (CFRP) are anisotropic conductive material,
electromagnetic techniques such as eddy currents and microwave thermography could pro-
vide invaluable information regarding the internal structure of laminated composites [16].
In such techniques, the structure is excited by an external magnetic field, usually by means
of sinusoidal alternating current through a coil. The electromagnetic field then penetrates
into the conductive material. The change in impedance of coil represents the discontinuity
in material conductivity as a result of the existence of dents, cracks, and delamination.
However, the extent of penetration of electromagnetic waves depends on the inspection
frequency of the waves which is limited to 3 kHz to 300 GHz. This limits the thickness of
the laminate to be inspected [17].
Radiographic testing techniques [18] are based on transmitting ionizing radiation
through the material and measure its attenuation. They allow the detection of internal
flaws and defects such as cracks, corrosion, inclusions, and thickness variations. However,
they not only pose radiation hazard but also have limited capacity in detecting delam-
ination and planar cracks. In such techniques, different projections at different angles
are measured and a full 3D reconstruction is performed. As such, to detect delamina-
tion, a resolution comparable to its thickness is required, which for large components is
a demanding requirement.
All the aforementioned techniques, considering their pros and cons, provide useful
information regarding the internal flaws of laminated composite structures after BVID is
taken place. However, their application becomes challenging and labour intensive if the
point of impact is not known on large structures such as wings and fuselage of aircraft or
wind turbine blades. In addition, most of these NDT&E techniques require high levels of
operator experience, and are usually expensive, time-consuming, and sophisticated. In
some cases, further inconvenience may rise as the component has to also be out of service
for the inspection. As a result, in this paper we have tried to provide a new bio-inspired
inspection solution for composite structures with a potential for automation and to lower
the cost and reliability of inspection. Figure 1 shows the overview of this project, where
application of biomimetic whiskers is investigated for BVID detection and distinguish-
ing between different levels of impact energy. This method provides a good potential
for automated inspection of composite structures, especially for large-scale structures in
different sectors such as aerospace and wind energy. This can reduce health and safety
risks and surpass human accuracy, if combined with the recent advances in sensors [19,20],
automation [21], data analytics [22], and artificial intelligence technologies [23–25].
This is the first time that the whisker technology is used in BVID inspection in com-
posites, hence there is no published work to review. Therefore, we have focused mainly
on the biological inspiration and the development of the whisker sensor which was used
in this work. Rats can accurately discriminate textures based on one to three touches per
whisker [26]. In rats, whiskers are curved and taper from a diameter of less than 1 mm at
the base to a narrow tip. When a whisker’s tip or shaft contacts a texture, its movement
changes; whisker motion signals are brought together in each of the primary afferent
neurons of the brainstem trigeminal nerve where they are relayed to the rest of the brain.
One of the most interesting properties of the rat whisker system is that the macrovibriasse
are not passive sensors waiting to be deflected by an object but rather the whiskers are
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actively swept back and forth at high speeds in a behaviour known as whisking where the
forward movement of each whisker is determined by its own muscle [27]. These interesting
properties of rat whiskers drove the research towards creating robotic vibrissal systems that
can mimic the properties of actual rat whiskers. In order to do that biomimetic whiskers
mimic the design of rat whiskers by having an approximately round cross-section which
decrease in width along the length of the whisker till the tip and have no sensors along the
length of the whisker, but have the sensing done in the follicle at the base of the whisker [28].
To ensure the transmission of the tactile information to the follcile it was found that the
tapering of the whiskers was very important [29]. Kim and Möller [30] attempted to use
a biomimetic whisker for shape recognition. The work completed in the paper explored
the concept that the deflection angle or velocity of a whisker provides the localization
information which is the basis of shape recognition. Shape recognition was successfully
achieved using several types of objects consisting of circular or square discs by measuring
the deflection size and angle of the whisker during active whisking. Since a square object
has an edged surface and a round shaped object has a curved surface, comparing the two
sets of deflection data was shown to be able to provide appropriate shape information.
Evans et al. [27] took a different approach to the manufacturing of the whisker sensor by
3D printing the whisker using flexible ABS plastic. Further, 3D printing was used as it
would allow for the whisker to be tapered unlike whiskers simulated using a rod of fixed
diameter. In this paper whisker sensors that were developed by Sullivan et al. [31] using
3D printing technique was used for the investigation, which is a good resemblance of rat’s
whisker system. This paper for first time reports a novel application of the tactile whisker
sensors on the possibility of detecting BVID in laminated composite materials.
2. Experimental Methods
2.1. Manufacturing and Impact Test
Unidirectional T800 carbon/MTM49-3 epoxy prepreg supplied by Solvay (Derby, UK)
was used to fabricate 330 × 330 mm2 square plate that then was cut to the test sample size,
i.e., a rectangular plate with nominal in-plane dimension of 135 × 93.5 mm2 in-plane and
4.65 mm thickness. Properties of the prepreg are summarized in Table 1. The laminate was
laid up in a quasi-isotropic stacking sequence, [45/0/90/−45]4S, where 0 is the direction of
unidirectional fibre orientation parallel to the long side of the plate.
Table 1. Characteristics of the utilized prepreg.
Prepreg Type Cured NominalThickness
Ply Young Modulus
E11 Fibre Failure Strain
T800
carbon/MTM49-3
epoxy
0.145 (mm) 235 (GPa) 1.70 (%)
LVI tests were carried out using an Instron Dynatup 9250 HV drop-weight impact
tower, manufactured by Instron based in Norwood, MA, USA, and according to the ASTM
D7136 standard [32]. The test samples were simply supported on a 125 × 75 mm window
with four rubber-tipped clamps, as illustrated in Figure 2. The impact energies used were
8 J, 12 J, 36 J, and 64 J, respectively. The impact load and deflection were measured by a
single accelerometer inside the tup, and the measured data were processed by a 4 kHz filter
of the console software to reduce the noise and oscillations. Ultrasonic C-scan was used to
understand the damage mechanisms occurring during the impact events.
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Each individual whisker module comprises a small electric motor and a thin tapered
plastic whisker: the thicker end of which is connected to the output shaft of the motor.
The motor is used to drive the whisker i an oscillatory manner which is inspired by the
m tion of rat whiskers. In co mon with rat whiskers, the whisker shaft itself is inert and
th sensory transducer is at the driven end of the hisker. ll- ff t s s r is used to
detect rotary deflection of the base of the whisker and the distal tip of the whisker is used
to probe the surface under investigation. The base of the whisker widens to form a ball
which is located within a spherical socket housing and is retained in place by filling the
socket with a soft polymer which also serves as a restoring spring and a vibration a per.
The socket, which also houses the Hall-effect sensor, is rigidly attached to the motor drive
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shaft. The whiskers were 3D-printed using EnvisionTEC RC31 composite material (BRL,
Bristol, UK), provided by EnvisionTEC in the UK, and digital light processing technology
to achieve a smoothly tapered whisker with fine tip size coupled with sufficient strength
and toughness to withstand repeated impact against surfaces (see Figure 4). The largest
dimensions of the whiskers used were 155 mm length, 1.5 mm base diameter, and 0.3 mm
tip diameter.
Figure 4. The largest utilized whisker sensor.
The whiskers were actively driven (using an integrated miniature brushless geared
DC motor) against the front (impacted) face of the sample plates. As the impact event
location was known to be in the centre of the plates, the scanning was taken from the
centre, and areas far from the centre where no damage was expected. The corresponding
protraction angle (θ) with respect to the axis of the robot end-effector was measured to
14-bit resolution using a second Hall-effect sensor. Real time drive signal generation
and closed loop Proportional-Derivative (PD) control is provided by the integrated 16-bit
micro-controller (dsPIC33f, (BRL, Bristol, UK), allowing for accurate control at whisking
frequencies between 1 Hz and 8 Hz. Orthogonal axes deflections of the whisker shaft base
are measured with 14-bit resolution using a Hall-effect sensor which detects the direction
of the magnetic field generated by a small permanent magnet attached to the base of the
whisker. All three measured variables (θ, x, y) were transferred, at a 2 kHz sampling rate,
to a host Personal Computer (PC) via a high-speed USB2 interface. In the classification
experiments reported here, only the x displacements were used.
In each test sequence, the material specimen was impacted 20 times by the whiskers
at a frequency of 2 Hz to generate training data for the machine learning algorithm. In each
sequence, the first and last whisks were discarded as there were observable differences in
the data at the start and end of each run, probably due to the control system. Data were
collected at 2 kHz for each “whisk”—a movement of the whisker through an angle of about
70 degrees and touching the test surface at a point near to the furthest protraction position
in the swing. In this way, the contact is very light, and repetitions are constrained to be as
similar as possible. In subsequent data processing and classification procedures, only one
whisker was used as it was found that successful classification could be performed with a
single whisker. The longest whisker in the row (the one on the left of Figure 3) was used in
the classification experiments.
2.3. Signal Processing
The approach used aims to take advantage of the non-stationary frequency charac-
teristics of the intermittently contacting whisker signals. In particular, time-frequency
analysis, using the Time frequency toolbox [33] to derive feature vectors for classifica-
tion. Figure 5 shows typical transient signals obtained from the whisker sensor, and a fast
Fourier transform analysis on a collected signal.
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Equation (1) gives the pseudo-Wigner–Ville distribution of a continuous time series
x(t) carried out by adapting the fast Fourier transform algorithm [34]. This distribution
was used in this paper for the time-frequency analysis. The distribution gave good results
in our classification test, with acceptable computing times.
Wx(t, f) =
∫
w(τ)x(t + τ/2)x(t − τ/2) exp(−2πifτ)dτ (1)
where w(τ) is a window function, x(t + τ/2)x(t − τ/2) is the Fourier transform for fixed t
as τ varies.
The maximum frequency in this analysis was set at 800 Hz which is less than the
Nyquist frequency for the 2 kHz sampling rate. Feature vectors were generated by dividing
the time-frequency plane into 80 uniformly sized partitions and computing the mean of the
frequency distribution within each partition. These data were normalised before training
the classifier.
3. Results and Discussion
3.1. Mechanical Results
Figures 6 and 7 show comparisons of energy absorption and load-deflection plots
obtained during the LVI under increasing impact energies. The data were extracted from
Instron Dynatup 9250 HV drop-weight impact tower (Norwood, MA, USA), where a
piezoelectric force transducer was used to measure the load, a position transducer and
optical encoder were used to measure displacement and velocity. Three stages of the
load-deflection can be seen from the load-deflection plots in Figure 6. Stage I is associated
with linear behaviour in the early stage of the loading process with an elastic response, and
no underlying delamination damage in the laminate. Stage II is related to the initiation and
unstable propagation of BVID (mainly delamination) and is distinguishable from the load
drops. With the increasing load in Stage II, the number and size of delamination increases.
In stage III there is another load-drop due to fibre failure at the back face of the specimen
that is under tension. The impact energies were chosen to induce BVID to check the ability
of the whisker technology in detecting such damage. The specimens i pacted with 8 J, 12 J,
and 36 J experience just Stage I and Stage II, due to the lower level of impact energy that
causes initiation and propagation of delamination. In these impact energies, the specimens
are still integral, and the deflection goes close to zero after the impact. In the 36 J case,
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there is a second load drop on the load in Stage II that corresponds to a second unstable
delamination propagation that is presented in the post-impact C-scan results in the next
section. For the specimen impacted with 64 J, all the three stages exist. This specimen
experienced delamination initiation, propagation and fibre breakage in the tension side.
Figure 6. Comparisons of load-deflection plot generated from the drop-weight impact for the
investigated laminates at different energy levels.
Figure 7. Comparisons of energy-time plot generated from the drop-weight impact for the investi-
gated laminates at different energy levels.
The energy absorption in composite laminates is through the damage mechanism.
Comparing the absorbed impact energy at different energy levels, the induced damage
in higher impact energy levels is clearly reflected by a difference in absorbed energy (see
Figure 7). For the 64 J, the highest impact energy absorption and consequently the highest
damage level is expected.
3.2. Visual Observations and C-Scan Results
An EPSON scanner, supplied by EPSON in the London, UK, was used to take clear
pictures of both the impacted face (Figure 8) and the back face of the samples (Figure 9)
after the LVI test at different energy levels. The visual impact damage of the samples is
shown on both the front and back surfaces. The impacted side of the samples does not
reveal any significant damage, rather than a small dent, with no tangible difference in the
different impact energy levels. It is the same for the back face of the laminates, except
for the 64 J that an obvious fibre breakage is observable due to the high tensile strains.
Comparing the visually observable pictures in Figures 8 and 9 with the C-scan results
illustrated in Figure 10, there is a huge difference between the internal damage and the
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visible damage on the impacted face. The C-scan results confirm the existence of the BVID
in all the impact energy levels, with an increasing trend in the damage size by increasing
the impact energy level.
Figure 8. Images of samples that taken from the impacted surface at different impact energy levels
using EPSON scanner.
Figure 9. Images of samples that taken from the back face at different impact energy levels using
EPSON scanner.
Figure 10. C-scan images of the laminate with various impact energies.
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3.3. Results for the Tactile Whisker
The classification was performed using a Support Vector Machine (SVM) classifier,
implemented using LIBSVM and GNU Octave [35], developed by the National Taiwan
University. Classifiers based on SVMs have few free parameters requiring tuning, are
simple to implement, and are trained through optimization of a convex quadratic cost
function, which ensures the uniqueness of the SVM solution [36]. A Radial Basis Function
(RBF) kernel was used. The SVM is essentially a binary classifier but in this example,
we have four classes corresponding to the four levels of impact energy tested. Hsu and
Lin [37] discussed a number of ways of extending SVM classification to perform multi-class
classification. Here we have chosen to use the simple “one-against-one” method which is
available as an option in libsvm and is generally faster to train than the other options.
The training was a two-stage process: an initial stage used 5-fold cross-validation
testing with a grid-search to find optimal values of the two free SVM parameters: C and
gamma. The second stage used these optimal values and a probability model to form a
predictive model which was used in the validation testing procedure. Training data was
obtained by palpating each specimen 18 times giving a total of 72 training data sets, each
containing 1000 time points.
In order to reduce the possibility that other surface irregularities were responsible for
correct classification in recognizing the four classes of impact damage from the available
four test pieces, the composite samples were rotated 90 degrees in-plane compared with
the orientation during training. The 90 degrees rotation was done mainly to make sure
texture of the surface ply, due to the directional properties of the composite, does not affect
the classification results. It was found that progressively increasing the number of training
contacts resulted in increasing classification accuracy of both cross-validation and test data.
It is particularly striking that test results after training for 13 whisker contacts or more
approached 100% classification accuracy as illustrated in Figure 11.
Figure 11. Classification accuracy for the training and test data.
3.4. Discussions
From the results in Figure 11, the whisker technology was able to distinguish different
impact energy levels in the specimens with an accuracy level of almost 100%. Similarly,
the whisker technology was able to classify the damaged and undamaged surfaces with
100% accuracy. Even though the damage was barely visible, moving a fingertip on the
impacted location, one can say if the sample was damaged or not, however, it was not
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possible to differentiate the impact energy levels by simply rubbing fingers on the damage
location. This reflects the high capability of the whisker outperforming the manual tactile
inspection both regarding the accuracy of the method and the potential for automation.
It is worth noting that only the impacted face of the specimens was scanned during each
experiment, which shows that simply scanning one part of the specimen could provide
enough information for successful classification showing the power that the biomimetic
whiskers have in terms of providing information. The whisker technology can be extended
to large scale composite structures, as it detects any changes on the surface. So, for any
given laminate size, impact event can be detected if it results in dents and surface texture
variation. However, there will be a need for calibration and reliable training dataset for
each case study.
3.5. Future Works
Current practice in BVID inspection is a combination of visual inspection and mea-
suring the dent depth left by the impact. It has been reported that BVID may cause a
permanent indentation of less than 0.5 mm, which is only detectable during a detailed
visual inspection with a probability greater than 90% [38]. It was shown [39] that through a
combination of tactile tests (running with hands over the panel surface) and continuous
visual inspection it is possible to improve the inspection reliability and to find even very
small damage on composite structures surface, see Figure 12. A hybrid approach can
therefore be developed, by combining the whisker technology developed in this paper
and visual inspection technique, to improve the inspection reliability of composite panels.
Advances in automation, such as artificial intelligence technologies and inexpensive robots,
have enabled the potential for automating this type of hybrid inspection system, which
has the potential to surpass previous human or machine vision activities. For example,
Automated unmanned aerial vehicle (UAV) based inspections could cost as little as 20% of
the cost of manual visual inspections [40]. Advanced machine learning algorithms can also
be developed for decision making purposes [41]. This hybrid inspection approach looks
very promising for large scale composite structures such as aircraft panels and wind turbine
blades, where a quick and fast visual scanning can highlight critical areas, and the whisker
scanning can provide more localized and detailed information from the critical areas. This
hybrid inspection approach can potentially provide accurate and reliable information on
BVID and its extent, and may result in a fast, but a comprehensive scan of composite
surfaces with reliable data for autonomous decision making.
Figure 12. Tactile test improves visual inspection’s reliability by strengthening the “signal” component (damage) and
filtering the “noise” component.
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4. Conclusions
This study investigated the feasibility of using whiskers for damage detection in
laminated composite materials. These experiments have demonstrated the potential for
whiskers to detect and to accurately classify BVID in composite plates according to the level
of subjected impact energy. Although this procedure requires contact between the whisker
tip and the test sample, that contact is brief and of very low energy. The experiments
have also shown a relationship between classification accuracy and the number of whisker
contacts with accuracy approaching 100% when the number of contacts exceeds 13. This
suggests that the method could be applied in the detection and localization of impact
damage on large composite structures provided that suitable means of deploying an array
of whiskers, possibly using UAVs, could be engineered.
Author Contributions: Conceptualization, M.F.; methodology, S.F., M.B., W.X.P. and M.D.; writing—
original draft preparation, S.F., M.F. and S.K.; writing—review and editing, M.B., S.K., M.D. and M.F.
All authors have read and agreed to the published version of the manuscript.
Funding: This work was funded under the UK Engineering and Physical Sciences Research Council
(EPSRC) Grant EP/V009451/1 on Next generation of high-performance impact resistant composites
with visibility of damage. The data necessary to support the conclusions are included in the paper.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.
Acknowledgments: The authors would like to thank J. Charles Sullivan for providing technical
assistance during this project.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.
References
1. Zhang, C.; Curiel-Sosa, J.L.; Duodu, E.A. Finite element analysis of the damage mechanism of 3D braided composites under
high-velocity impact. J. Mater. Sci. 2017, 52, 4658–4674. [CrossRef]
2. Morozov, M.; Jackson, W.; Pierce, S.G. Capacitive imaging of impact damage in composite material. Compos. Part B Eng. 2017, 113,
65–71. [CrossRef]
3. Damghani, M.; Kennedy, D.; Featherston, C. Critical buckling of delaminated composite plates using exact stiffness analysis.
Comput. Struct. 2011, 89, 1286–1294. [CrossRef]
4. Damghani, M.; Kennedy, D.; Featherston, C. Global buckling of composite plates containing rectangular delaminations using
exact stiffness analysis and smearing method. Comput. Struct. 2014, 134, 32–47. [CrossRef]
5. Cui, X.; Fang, E.; Lua, J. A discrete crack network toolkit for Abaqus for damage and residual strength prediction of laminated
composites. J. Compos. Mater. 2017, 51, 1355–1378. [CrossRef]
6. Shi, Y.; Soutis, C. Modelling low velocity impact induced damage in composite laminates. Mech. Adv. Mater. Mod. Process.
2017, 3, 14. [CrossRef]
7. Sun, X.C.; Hallet, S.R. Barely visible impact damage in scaled composite laminates: Experiments and numerical simulations. Int.
J. Impact Eng. 2017, 109, 178–195. [CrossRef]
8. Brown, R. Non-Destructive Evaluation (NDE) of Polymer Matrix Composites, Techniques and Applications. Polym. Test. 2013,
32, 1612. [CrossRef]
9. Yang, R.; He, Y.; Zhang, H. Progress and trends in nondestructive testing and evaluation for wind turbine composite blade. Renew.
Sustain. Energy Rev. 2016, 60, 1225–1250. [CrossRef]
10. Poudel, A.; Shrestha, S.S.; Sandhu, J.S.; Chu, T.P.; Pergantis, C.G. Comparison and analysis of Acoustography with other NDE
techniques for foreign object inclusion detection in graphite epoxy composites. Compos. Part B Eng. 2015, 78, 86–94. [CrossRef]
11. Fotouhi, M.; Suwarta, P.; Jalalvand, M.; Czel, G.; Wisnom, M.R. Detection of fibre fracture and ply fragmentation in thin-ply UD
carbon/glass hybrid laminates using acoustic emission. Compos. Part A Appl. Sci. Manuf. 2016, 86. [CrossRef]
12. Amenabar, I.; Mendikute, A.; López-Arraiza, A.; Lizaranzu, M.; Aurrekoetxea, J. Comparison and analysis of non-destructive
testing techniques suitable for delamination inspection in wind turbine blades. Compos. Part B Eng. 2011, 42, 1298–1305.
[CrossRef]
13. Sun, J.G. Analysis of Pulsed Thermography Methods for Defect Depth Prediction. J. Heat Transf. 2006, 128, 329. [CrossRef]
Polymers 2021, 13, 3587 13 of 13
14. Shepard, S. Flash thermography of aerospace composites. In Proceedings of the IV Conferencia Panamericana de END Buenos
Aires, Buenos Aires, Argentina, 22–26 October 2007; NDT.net: Rhineland-Palatinate, Germany, 2007; Volume 7. [CrossRef]
15. Bui, H.K.; Wasselynck, G.; Trichet, D.; Ramdane, B.; Berthiau, G.; Fouladgar, J. 3-D modeling of thermo inductive non destructive
testing method applied to multilayer composite. IEEE Trans. Magn. 2013, 49, 1949–1952. [CrossRef]
16. Li, Z.; Meng, Z. A review of the radio frequency non-destructive testing for carbon-fibre composites. Meas. Sci. Rev. 2016, 16,
68–76. [CrossRef]
17. Li, Z.; Haigh, A.D.; Saleh, M.N.; McCarthy, E.D.; Soutis, C.; Gibson, A.A.P.; Sloan, R. Detection of Impact Damage in Carbon Fiber
Composites Using an Electromagnetic Sensor. Res. Nondestruct. Eval. 2016, 29, 123–142. [CrossRef]
18. Tan, K.T.; Watanabe, N.; Iwahori, Y. X-ray radiography and micro-computed tomography examination of damage characteristics
in stitched composites subjected to impact loading. Compos. Part B Eng. 2011. [CrossRef]
19. Mannella, F.; Maggiore, F.; Baltieri, M.; Pezzulo, G. Active inference through whiskers. Neural Netw. 2021, 144, 428–437. [CrossRef]
20. Collinson, D.W.; Emnett, H.M.; Ning, J.; Hartmann, M.J.Z.; Brinson, L.C. Tapered polymer whiskers to enable three-dimensional
tactile feature extraction. Soft Robot. 2021, 8, 44–58. [CrossRef]
21. Kostopoulos, V.; Psarras, S.; Loutas, T.; Sotiriadis, G.; Gray, I.; Padiyar, M.J.; Petrunin, I.; Raposo, J.; Fragonara, L.Z.; Tzitzilonis, V.;
et al. Autonomous Inspection and Repair of Aircraft Composite Structures. IFAC-PapersOnLine 2018, 51, 554–557. [CrossRef]
22. Canizo, M.; Onieva, E.; Conde, A.; Charramendieta, S.; Trujillo, S. Real-time predictive maintenance for wind turbines using Big
Data frameworks. In Proceedings of the 2017 IEEE International Conference on Prognostics and Health Management, ICPHM,
Dallas, TX, USA, 19–21 June 2017.
23. Khatir, S.; Tiachacht, S.; Le Thanh, C.; Ghandourah, E.; Mirjalili, S.; Abdel Wahab, M. An improved Artificial Neural Network
using Arithmetic Optimization Algorithm for damage assessment in FGM composite plates. Compos. Struct. 2021, 273. [CrossRef]
24. Zenzen, R.; Khatir, S.; Belaidi, I.; Le Thanh, C.; Abdel Wahab, M. A modified transmissibility indicator and Artificial Neural
Network for damage identification and quantification in laminated composite structures. Compos. Struct. 2020, 248. [CrossRef]
25. Azimi, M.; Eslamlou, A.D.; Pekcan, G. Data-driven structural health monitoring and damage detection through deep learning:
State-ofthe- art review. Sensors 2020, 20, 2778. [CrossRef]
26. Von Heimendahl, M.; Itskov, P.M.; Arabzadeh, E.; Diamond, M.E. Neuronal activity in rat barrel cortex underlying texture
discrimination. PLoS Biol. 2007, 5, 2696–2708. [CrossRef]
27. Evans, M.; Fox, C.W.; Pearson, M.J.; Prescott, T.J. Spectral Template Based Classification of Robotic Whisker Sensor Signals in a
Floor Texture Discrimination Task. Proc. Towar. Auton. Robot. Syst. 2009, 19–24.
28. Ibrahim, L.; Wright, E.A. The growth of rats and mice vibrissae under normal and some abnormal conditions. J. Embryol. Exp.
Morphol. 1975, 33, 831–844. [CrossRef]
29. Hires, S.A.; Pammer, L.; Svoboda, K.; Golomb, D. Tapered whiskers are required for active tactile sensation. eLife 2013, 2, e01350.
[CrossRef] [PubMed]
30. Kim, D.E.; Möller, R. Biomimetic whiskers for shape recognition. Rob. Auton. Syst. 2007, 55, 229–243. [CrossRef]
31. Sullivan, J.C.; Mitchinson, B.; Pearson, M.J.; Evans, M.; Lepora, N.F.; Fox, C.W.; Melhuish, C.; Prescott, T.J. Tactile discrimination
using active whisker sensors. IEEE Sens. J. 2012, 12, 350–362. [CrossRef]
32. ASTM Standard Test Method for Measuring the Fastener Pull-Through Resistance of a Fiber-Reinforced Polymer Matrix
Composite 1. Astm 2015, i, 1–12.
33. Auger, F.; Flandrin, P.; Gonçalvès, P.; Lemoine, O. Time–Frequency Toolbox. Available online: http://tftb.nongnu.org/tutorial.pdf
(accessed on 12 September 2021).
34. Shin, Y.S.; Jeon, J.J. Pseudo wigner-ville time-frequency distribution and its application to machinery condition monitoring. Shock
Vib. 1993, 1, 65–76. [CrossRef]
35. Chang, C.C.; Chien, L.J.; Lee, Y.J. A novel framework for multi-class classification via ternary smooth support vector machine.
Pattern Recognit. 2011, 44, 1235–1244. [CrossRef]
36. Davy, M.; Gretton, A.; Doucet, A.; Rayner, P.J.W. Optimized support vector machines for nonstationary signal classification. IEEE
Signal Process. Lett. 2002, 9, 442–445. [CrossRef]
37. Hsu, C.W.; Lin, C.J. A comparison of methods for multiclass support vector machines. IEEE Trans. Neural Netw. 2002, 13, 415–425.
[CrossRef] [PubMed]
38. Tropis, A.; Thomas, M.; Bounie, J.L.; Lafon, P. Certification of the composite outer wing of the ATR72. Proc. Inst. Mech. Eng. Part
G J. Aerosp. Eng. 1995, 209, 327–339. [CrossRef]
39. Baaran, J. Study on Visual Inspection of Composite Structures; European Aviation Safety Agency: Cologne, Germany, 2009; pp. 1–102.
40. Articles, R. Fully automated drones could double wind turbine inspection rates.
41. Fotouhi, S.; Pashmforoush, F.; Bodaghi, M.; Fotouhi, M. Autonomous damage recognition in visual inspection of laminated
composite structures using deep learning. Compos. Struct. 2021, 268, 113960. [CrossRef]
